Meiotic chromosome spreads were prepared from testicular lobes of 4 species of penaeid shrimps to determine numbers of chromosomes and meiotic phases. DNA content of nuclei isolated from shrimp hemocytes of these species was estimated by flow cytometry. Meiotic chromosome spreads indicated that the haploid chromosome number of Penaeus aztecus, P. duorarum, and P. vannamei was 44, while that ofP. setiferus was 45. These counts are consistent with diploid chromosome numbers reported previously for each of these species. No trivalents or quadrivalents were found in meiotic prophase. These 4 species had approximately the same genome size (approximately 70% of the human genome) as measured by flow cytometry. It is suggested that Robertsonian chromosome rearrangement has accompanied the speciation process in the genus Penaeus without polyploidization. Thus, no karyotype has ever been described in this animal group. Although the small size and large numbers of chromosomes present some difficulty, determination of the genome size and examination of meiotic chromosome phase may provide additional information.
Chromosome research in the decapod
Crustacea has advanced slowly (Farmer, 1974; Milligan, 1976; Hughes, 1982 ; Hayashi and Fujiwara, 1988). Milligan (1976) and Hayashi and Fujiwara (1988) provided new techniques to obtain mitotic chromosome metaphase preparations in penaeid shrimps, but these works are still concerned only with chromosome counts and comparison of chromosome numbers between species. Thus, no karyotype has ever been described in this animal group. Although the small size and large numbers of chromosomes present some difficulty, determination of the genome size and examination of meiotic chromosome phase may provide additional information.
In this paper, we report observations on meiotic chromosome phases in 4 species of shrimps of the genus Penaeus, with determinations of their genome size.
MATERIALS AND METHODS
Penaeus aztecus, P. duorarum, and P. setiferus were collected from Charleston Harbor, South Carolina, and off(< 1 mile or 1.61 km) Cape Lookout and Cape Fear, North Carolina, during May through November 1988. The Pacific species P. vannamei was derived from laboratory stock. Chromosome Observation. -The procedure for chromosome preparation was primarily based on the methods of Farmer (1974) and Hughes (1982) , without colchicine. Our preliminary observations on shrimp organs indicated that cell division is rarely encountered in any tissues except for the testis. Therefore, we concentrated on the testis. Dissected testicular lobes were exposed to distilled water for 15-20 min. The swollen testicular lobes were then transferred to fixative (methanol: acetic acid at 3:1) and refrigerated (at approximately 4?C). The fixative was changed twice within 6 h. Since dividing cells were sometimes found clustering in the proximal or medial regions of a testicular lobe (unpublished), these portions were used. One small piece (1-2 mm) was cut from each region, placed on a wellcleaned glass slide with 2 or 3 drops of fixative, and mashed and spread using forceps. The wet slide was then placed in the oven at 60?C for a minimum of 30 min. The dried glass slide was washed in 70% ethanol, followed by distilled water, and dried prior to staining with 1% toluidine blue (1 g toluidine blue and 1 g sodium borate in 100 ml H20, pH 8.4-8.6). The slide was placed on a slide warmer (80?C) and the staining solution was dropped on it. After 1-2 min of staining, the slide was washed with running tap water followed by distilled water. Measurements of Nuclear DNA Contents. -The method of Hiilgenhof et al. (1988) was modified to prepare samples of nuclei. Shrimp blood was used to collect hemocyte nuclei. Hemolymph was collected from the heart using a syringe containing 1 ml of phosphate buffered saline-ribonuclease (PBS-RNase) solution. PBS (pH 7.4-7.6) was prepared by dissolving the following chemicals (g) in 1 liter of distilled water: NaCl (10), KC1 (0.6), Na2 HPO4 (0.146), KH2PO4 (0.04), sodium citrate (10), and sucrose (20). Two mg of RNase were dissolved in 1 ml of distilled water, and this stock solution was kept in boiling water for 5 min. PBSRNase solution was prepared by mixing 1 ml of RNase stock solution with 49 ml of PBS. The collected blood samples (approximately 1.1-1.5 ml) were transferred to plastic microcentrifuge tubes, held for 30 min at room temperature, and centrifuged at 600 g for 5 min. To remove blood serum, the supernatant was discarded and the pellet was resuspended in 1 ml of PBS-RNase solution and centrifuged. After removing the supernatant, the pellet was resuspended in 0.3 ml of PBS, and 0.7 ml of refrigerated absolute ethanol were gradually added to the cell suspension with gentle shaking. The fixed sample was kept in the refrigerator (at 4?C) for a minimum of one day. To remove cytoplasmic membrane, 0.05 ml of 1% (v/v) NP-40 solution was 29 added to the sample, and the sample was strongly shaken 3 times using vortex for 2 s each time. Since long exposure to NP-40 and hard treatment by vortex may damage the nuclear membrane, this procedure should be as short as possible. After confirming release of nuclei under the microscope, the sample was centrifuged at 600 g for 5 min, resuspended in 1 ml of refrigerated 70% ethanol, and filtered through 25-,um Nytex? mesh. Staining was carried out by adding 0.01 ml of 0.1% (w/v) propidium iodide solution per 1 ml of sample. Then, using flow cytometry (Spectrum 3, Ortho Diagnostic Systems, Inc., Irvine, California 92714), the fluorescence ofhemocyte nuclei was determined in parallel with that of human lymphocytes prepared by the same procedures used for shrimp but using biological saline pH 7.4 as PBS.
RESULTS
Chromosome Observation. -Five slides were made from each individual. Dividing cells were observed on at least one slide in 3 of 8 P. aztecus, 4 of 16 P. duorarum, 3 of 9 P. setiferus, and 4 of 11 P. vannamei. Some slides from an individual contained many dividing cells (Fig. 1) , while others exhibited few or none. This finding indicates that the testicular pieces used for the preparation contained different stages of maturation of spermatogenic cells, supporting our preliminary observation in which the spermatogenic cell maturation is synchronized within a region of a testicular lobe.
All dividing cells observed were of meiosis I and no mitotic divisions were observed. Diakinesis was most frequently observed in all species (Figs. 2-7) . In diakinesis, the bivalent nature of tetrads was clearly visible with some chiasmata (Figs. 2, 3, 5) . No trivalent or quadrivalent forms were found in any species. The size of the chromosomes in meiosis I ranged from 1-4 ,tm.
Chromosome number varied within the range of 38-47 in all species, with a mode of 44 (Fig. 8) . Count of a well-scattered diakinesis stage of P. setiferus (Fig. 7) gave N = 45, whereas a condensed figure (Fig. 6) showed N = 44. Such irregularities were often observed in these species, and apparently due to artifact. Nuclear DNA Contents. -A representative histogram of fluorescence intensity (channel number) and number of nuclei for male P. vannamei is illustrated in Fig. 9 . Here, 2 gaps are observed. Gap I shows a narrow distribution and has a distinct high peak, while gap II shows broad distribution and a low indistinct peak. Similar patterns were found in all species, but gap II was usually invisible. The channel number at the peak of gap I was adopted as a fluorescence intensity of nuclei of the individual and converted to a percentage of that of human lymphocytes. Thus, estimated DNA contents of the 4 shrimp species are expressed as percent of human DNA content (Table 1) Rheinsmith et al. (1974) reported that the nuclear DNA content of P. duorarum is 82 and 74% (of human content), respectively, while we recorded a value of 68% here. Similarly, Vaughn (1976) reported the DNA content of P. setiferus as 101% of human content, while we found it to be 72%. Theoretically, there should be little difference between DNA content determination with Feulgen reaction photocytometry and flow cytometry, but the sample size used for the former was usually quite small. For example, most reports of nuclear DNA content for decapods referenced above are based on only 1 or 2 individual animals. Furthermore, shrimp DNA content values determined by us using flow cytometry were slightly lower than those reported based on Feulgen reaction photocytometry. A similar tendency has also been observed among plant species (Hiilgenhofet al., 1988) . However, large variations within species observed in the present study generally overshadowed such differences related to methods, with the exception of the high value for P. setiferus reported by Vaughn (1976) . Intraspecific variations in DNA content would be expected to be insufficient to account for the wide range of values observed.
We reviewed the relative nuclear DNA content of 58 decapod species (Table 2) . Since some of the references did not express DNA amount relative to that for human DNA, we converted the DNA quantity (in picograms) to percentage of human DNA content.
Although the brachyurans were the most extensively studied group of decapod crustaceans, with reports on 26 species of 19 genera in 9 families, the range of DNA values observed (38-130% of that for human DNA) was much narrower than that seen in carideans (90-1,000% of human DNA) and anomurans (35-230% of human DNA). The average nuclear DNA content of the five species of Penaeus studied to date is 74% of that of human DNA, or approximately twice the minimum level observed in other decapods. Evolution by polyploidization could account for the great variation in the genome size of decapod crustaceans (Bachmann and Rheinsmith, 1973; Rheinsmith et al., 1974). However, Vaughn (1975 Vaughn ( , 1976 , using reassociation kinetics of heatdenatured DNA, observed that there is insufficient DNA in the haploid decapod genome to support the polymeric chromatid model. He concluded that the chromatid structure of decapod crustaceans is uninemic, and that there was no detectable occurrence of polyploidization in the recent evolutionary history of decapods. Vaughn also suggested that addition of repeated sequences to linear uninemic chromatids may account for the genome size increases. A Whether polyploidization has occurred or not, obvious differences in genome size occur among major groups of decapod crustaceans, and there may be a tendency toward greater variation in phylogenetically older groups. Thus, it would be very interesting to determine DNA content for species of the suborder Dendrobranchiata.
